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A proof-of-principle experiment demonstrating dielectric laser acceleration of non-relativistic elec-
trons in the vicinity of a fused-silica grating is reported. The grating structure is utilized to generate
an electromagnetic surface wave that travels synchronously with and efficiently imparts momentum
on 28 keV electrons. We observe a maximum acceleration gradient of 25 MeV/m. We investigate in
detail the parameter dependencies and find excellent agreement with numerical simulations. With
the availability of compact and efficient fiber laser technology, these findings may pave the way
towards an all-optical compact particle accelerator. This work also represents the demonstration of
the inverse Smith-Purcell effect in the optical regime.
The acceleration gradients of linear accelerators are
limited by breakdown phenomena at the accelerating
structures under the influence of large surface fields. To-
day’s accelerators, which are based on metal structures
driven by radio frequency fields, operate at acceleration
gradients of ∼20–50 MeV/m. The upper limit in future
radio frequency accelerators, such as the discussed CLIC
and ILC, is ∼100 MeV/m, given by the damage threshold
of the metal surfaces [1–3]. At optical frequencies dielec-
tric materials withstand roughly two orders of magnitude
larger field amplitudes than metals [4]. Together with the
large optical field strength attainable with short laser
pulses, dielectric laser accelerators (DLAs) hence may
support acceleration gradients in the multi-GeV/m range
[5]. With this technology lab-size accelerators, providing
particle beams with energies currently only available at
km-long facilities, seem feasible. Here we demonstrate
the efficacy of the concept.
Charged particle acceleration with oscillating fields re-
quires an electromagnetic wave with a phase speed equal
to the particle’s velocity and an electric field compo-
nent parallel to the particle’s trajectory. So far, laser-
based particle acceleration schemes employ the longitu-
dinal electric field component of a plasma wave [6–8] or
of a tightly focused laser beam [9], but in both schemes
the accelerating mode has a phase velocity that does not
match the speed of light. Therefore, relativistic parti-
cles can only be accelerated over short distances and the
maximum attainable energies of these devices are lim-
ited. Exploiting the near-field of periodic structures, for
example of optical gratings, offers the possibility to con-
tinuously accelerate non-relativistic as well as relativistic
particles. In essence, the effect of the grating is to rec-
tify the oscillating field in the frame co-moving with the
electron, conceptually similar to conventional radio fre-
quency devices. Single gratings can only be used to ac-
celerate non-relativistic electrons, an effect also known as
the inverse Smith-Purcell effect [10–12]. However, dou-
ble grating structures, in which electrons propagate in a
channel between two gratings facing each other, support
a longitudinal, accelerating speed-of-light eigenmode that
can be used to accelerate relativistic particles [13, 14].
Besides offering orders of magnitude larger accelera-
tion gradients than conventional radio frequency accel-
erators, grating-based DLAs have the additional advan-
tage of being scalable by linearly concatenating multiple
gratings alongside the electron beam in a modular man-
ner. The direct compatibility of non-relativistic and rela-
tivistic photonic grating structures enables an all-optical
DLA. The single grating structures, presented here, can
serve as a means to bridge the gap between the electron
source and the relativistic DLA structures.
Acceleration at a grating is based on evanescent modes,
known as spatial harmonics [15]. They are excited by
laser light that impinges perpendicularly to the grating
surface (Fig. 1) and consist of an electromagnetic wave
that propagates parallel to the grating surface. The n-
th spatial harmonic oscillates n times per grating period
(n = 1 in Fig. 1(a-c), n = 3 in Fig. 1(d)) and travels with
a phase velocity vph = fλp/n = cλp/(nλ). Here, λp is
the grating period, λ the wavelength of the incident light,
f its frequency and c the speed of light. Hence, the n-th
harmonic is synchronous with electrons with the velocity
v = βc = vph, yielding the synchronicity condition β =
λp/(nλ) [16]. The field strength falls off exponentially
with increasing distance from the grating surface with
a decay constant Γ = βγλ/(2pi), with γ = 1/
√
1− β2
[15]. Depending on the position of the electrons inside
the laser field, the electric field vector acts accelerating,
decelerating or deflecting (Fig. 1). The Lorentz force
caused by other spatial harmonics that do not satisfy the
synchronicity condition averages to zero over time.
In our experiment we focus laser pulses derived from a
long-cavity Titanium:sapphire oscillator [17] onto a fused
silica transmission grating. The laser beam parameters
are: center wavelength of λ = 787 nm, repetition rate of
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FIG. 1. (a-c) Three subsequent conceptual pictures of four
electrons (encircled numbers) passing the transparent grating
(light blue structure, white: vacuum) that is illuminated by
the laser from below. Time step between each picture: 1/4
optical period. The laser is linearly polarized in the plane
of projection and propagates upward. Snapshots of the elec-
tric field distribution of the first spatial harmonic (n = 1)
are shown above the grating. It falls off exponentially with
increasing distance from the grating (color coded) and co-
propagates synchronously with the electrons along the grat-
ing surface. Depending on the position of the electron inside
the field, the force acts accelerating (1), decelerating (2) or
deflecting (3,4) as indicated by the blue arrows. (d) Electric
field distribution of the third spatial harmonic (n = 3) as
used in this work. (e) Simulated ratio between the acceler-
ation gradient Gacc and the applied laser peak electric field
Ep for the first (blue) and third (orange) spatial harmonic for
electrons passing a grating at a distance of 50 nm. See text for
details. (f) Scanning electron microscope image of the fused
silica grating.
frep = 2.7 MHz, pulse duration of τp = 110 fs and focal
waist radius of wl = (9 ± 0.4)µm. We chose the grating
period to λp = 750 nm, hence the third spatial harmonic
(n = 3) is synchronous with 27.9 keV electrons and de-
cays with Γ = 42 nm. This choice of λp was a trade-off
between a lower bound set by the grating manufacturer
and the decreasing excitation efficiency for higher spatial
harmonics (Fig. 1(e)).
Fig. 2 depicts the scheme of the experimental setup.
We use the column of a conventional scanning electron
microscope (SEM) as electron source that provides a DC
electron beam with a 1/e focal waist radius of we =
(70± 20) nm and a beam current of Ib = (4.2± 0.5) pA.
Because of the continuous-wave nature of the electron
beam only a small fraction of electrons interacts with
the laser pulses (Ieff = Ibτpfrep ≈ 10 electrons per sec-
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FIG. 2. Sketch of the experimental setup and detection
scheme. Electrons emitted from a scanning electron micro-
scope column (left) pass the transparent grating (light blue
structure). Here they interact with the accelerating field ex-
cited by the laser pulses (red, propagating from bottom to
top). A microscope objective is used to monitor the position
of the laser focus. The electrons that can pass the spectrom-
eter (center) are detected at the MCP.
ond). However, the excellent beam control of a standard
SEM outweighs the low expected count rate in this proof-
of-concept experiment. With a pulsed electron source,
which will be implemented in future experiments, Ieff
will be many orders of magnitude higher; 3 A peak cur-
rent have been shown with a pulsed source, 1012 times as
large as Ib in our experiment [18]. After passing the grat-
ing, the electrons enter an electrostatic filter lens spec-
trometer [19], which blocks all unaccelerated electrons.
A micro-channel plate detector (MCP) is used to detect
the electrons that pass the filter lens. The current of ac-
celerated electrons Iacc is recorded with a digital lock-in
scheme, with which we measure the time delay between
detector events and laser pulses. The correlated signal of
accelerated electrons appears as a peak at a fixed delay,
whereas background counts (∼50-70 cts/s) are uniformly
distributed over all delays.
We now discuss detailed measurements confirming
the observation of dielectric laser acceleration of non-
relativistic electrons. In Fig. 3(a) we show the accel-
erated fraction as a function of the energy gain ∆E for
two different laser peak electric fields of 2.36 GV/m and
2.85 GV/m. The measured accelerated fraction equals
the ratio of the integrated number of accelerated elec-
trons Iacc that gain more energy than ∆E to the number
of electrons Ieff that can interact with the laser pulses.
The acceleration gradient equals Gacc = ∆E/xacc, with
the effective acceleration distance xacc = 11.2µm, which
we obtain from β, wl, τp and the Gaussian shaped laser
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FIG. 3. (a) Measurement of the accelerated fraction of elec-
trons Iacc/Ieff as a function of energy gain (bottom axis)
and acceleration gradient (top axis), for two different laser
peak electric fields [Ep = 2.85 GV/m (orange circles), Ep =
2.36 GV/m (blue squares)], with corresponding simulated
curves. The only free parameters of the simulated curves are
the distance z0 of the electron beam center from the grating
surface, implying z0 = (120 ± 10) nm, and the overall ampli-
tude. (b) Dependence of the accelerated fraction on the laser
polarization angle φ. The data can be well fitted with the ex-
pected sinusoidal behavior (orange curve). 0◦ means that the
laser polarization is parallel to the electrons’ momentum, 90◦
that it is perpendicular to it (see inset). (c) Measurement of
the accelerated fraction versus the relative distance between
the grating surface (shaded area) and the electron beam cen-
ter. Note that due to the finite width of the electron beam
some electrons are accelerated although the beam center lies
inside the grating. Solid line: Gaussian fit. (d) Measure-
ment (orange circles) and ab initio simulation (blue squares)
of the maximum acceleration gradient as a function of the
initial electron energy. This measurement confirms that effi-
cient acceleration occurs only if the synchronicity condition is
satisfied. The lines are guides to the eye.
pulse. We measure a maximum acceleration gradient of
25.0 MeV/m.
An eigenmode method [20] in conjunction with par-
ticle tracking in the resulting fields allows us to obtain
the accelerated fraction of electrons numerically. The re-
sults show perfect agreement with the experimental data
(Fig. 3(a)), assuming a Gaussian electron beam profile
with its center z0 = (120± 10) nm away from the grating
surface and a 1/e beam radius we = 77 nm, matched to
the experiment. We further infer from our simulations
that the maximum acceleration gradient of 25 MeV/m
results from electrons that, due the finite beam width,
pass the grating at a distance of ∼50 nm. We have tried
to position the beam closer to the grating surface, but
beam clipping and residual surface charging presumably
prevented a closer approach in the current setup.
The electrons are only accelerated by the electric field
component that is parallel to their momentum, as can
be seen from the dependence of the acceleration on
the polarization of the laser electric field, in Fig. 3(b).
This strongly supports acceleration with the electromag-
netic light field and clearly rules out the much weaker
intensity-dependent but polarization-independent pon-
deromotive acceleration [21], whose effect we estimate to
a vanishing ∼10 keV/m for the given laser parameters.
In Fig. 3(c) we show the accelerated fraction as a func-
tion of distance from the grating surface. The data can be
fitted with a Gaussian of width (119±11) nm and agrees
well with simulations of the accelerated fraction assum-
ing a 1/e electron beam radius of 77 nm. This lies right
within the experimentally obtained we = (70 ± 20) nm.
The fact that acceleration is only possible in the vicin-
ity of the grating surface confirms that the accelerating
fields fall off steeply away from the grating, as expected
for this near-field-based acceleration scheme.
In Fig. 3(d) we present a measurement of the maximum
acceleration gradient as a function of the initial electron
energy, verifying that efficient acceleration only occurs if
the electron velocity is matched to the grating period,
according to the synchronicity condition. We observe
maximum acceleration for an initial energy of 27.7 keV.
The ab initio calculations in Fig. 3(d) represent the max-
imum acceleration gradient as function of electron energy
60 nm away from the grating surface and show excellent
agreement with the experiment.
In the current setup, the peak laser field Ep is laser-
power-limited to 2.85 GV/m. Damage threshold mea-
surements of fused silica gratings [22] indicate that Ep
can be increased by a factor of ∼3.4, up to 9.4 GV/m.
With this Ep, Fig. 1(e) shows a simulation of the accel-
eration efficiency, that is, the ratio between the maxi-
mum acceleration gradient and the laser peak field Ep.
From this we infer that electrons with β = 0.3 (25 keV)
passing the grating surface at 50 nm become accelerated
with 350 MeV/m, assuming synchronicity with the first
spatial harmonic. Exploiting the third spatial harmonic
like in this letter reduces the achievable acceleration gra-
dient by a factor of three to 110 MeV/m. Furthermore,
the acceleration efficiency increases steeply for relativis-
tic electrons. Therefore, we expect that electrons with
β = 0.95 (1.1 MeV) experience an acceleration gradient
as large as 1.7 GeV/m for synchronicity with the first
spatial harmonic.
The intriguing feature of non-relativistic DLA struc-
tures is the inter-compatibility with their relativistic
counterparts. Thus, with the demonstrations of both
relativistic [14] and non-relativistic dielectric laser accel-
eration, operating with identical laser sources at the first
and third spatial harmonic, respectively, an all-optical
dielectric-based linear accelerator can now be seriously
considered. Corroborating this, we note that based on
double grating structures all components of a conven-
tional accelerator, such as deflecting, focusing and bunch-
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FIG. 4. Sketch of an envisioned layout of an all-optical lin-
ear accelerator with electron gun (A), non-relativistic (B) and
relativistic sections (C), all driven by a common, for ease of
operation fiber-based, laser source. The non-relativistic sec-
tion consists of grating structures with a tapered grating pe-
riod to assure synchronicity with the accelerating electrons
using the third (B1), second (B2) and first (B3) spatial har-
monic. Inside the non-relativistic section, the channel width
can increase because of the increasing decay constant Γ of the
accelerating fields. Not to scale.
ing structures can be realized [15, 16].
A schematic of the envisioned DLA design is shown in
Fig. 4. Due to their micron-scale size, DLA structures re-
quire and support electron beams with normalized emit-
tance values in the nm-range [23]. Therefore, a non-
relativistic DLA section in combination with an ultralow
emittance electron source, such as a laser-triggered needle
cathode with an intrinsic emittance of ∼50 nm [18], is
crucial for the injection of high-quality electron beams
into the relativistic section of the DLA. A common laser
source, amplified in various sections, can be used to drive
the electron gun, the non-relativistic and the relativistic
DLA. Here, fast progress in fiber laser technology, es-
pecially phase-coherent splitting and amplification may
play an important role, similar to what has been pro-
posed for laser-plasma-based acceleration schemes [24].
This greatly facilitates the synchronization and optical
phase-stability between the different acceleration stages,
which is essential for proper functioning. The non-
relativistic part (up to ∼1 MeV) may consist of subsec-
tions of tapered dielectric gratings in which an adaptively
increasing grating period accounts for the change in elec-
tron velocity. For this part, either single or double grat-
ing structures may be used. While single gratings offer a
simpler setup, the evanescent nature of the acceleration
can lead to beam distortion. Double grating structures
have the advantage of larger efficiency and a symmetric
profile of the accelerating fields [15]. Exploiting different
spatial harmonics allows to overcome fabrication limita-
tions on the grating period by starting, for example, with
30 keV electrons at the point of injection. After using the
third spatial harmonic to accelerate up to ∼50 keV, one
may switch to the more efficient second harmonic and at
∼400 keV to the first harmonic to accelerate further.
Because the electron beam quality is directly related to
the brightness and the shortest achievable wavelength in
X-ray free electron lasers (FELs), DLAs may find appli-
cation in future low-cost, compact, high brilliance sources
of hard X-rays, with the potential to open experiments in
biology, medicine and materials science to a broad com-
munity of users [25]. Despite the low bunch charge (∼fC)
supported by DLAs, successful FEL operation appears
feasible [26]; source development is needed, as in other
FEL approaches [18, 27]. Moreover, the realization of
accelerating, deflecting, focusing and bunching elements
for non-relativistic electrons could lead to a new gen-
eration of electron optics with applications in ultrafast
electron diffraction experiments and time-resolved elec-
tron microscopy. Next experimental steps will comprise
the implementation of concatenated, symmetric double-
grating structures to demonstrate acceleration to several
times the initial beam energy, as well as the combination
with a laser-triggered electron source.
After writing of the manuscript we became aware of a
recently proposed innovative scheme combining plasma-
based acceleration with the periodic field reversal at grat-
ing structures, which may lead to scalable accelerators
with a sustained acceleration gradient up to TeV/m [28].
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